Abstract: This study proposes a permanent-magnet (PM)-free magnetic-modulated motor where the magnetic flux variation in a differential frequency between the armature fundamental rotating magnetic field frequency and the rotor rotation speed frequency is effectively utilised for the field magnetisation instead of PMs. The operation principle of the self-excitation with a diode rectifier circuit on the rotor is discussed. Magnetic circuit design and structural design of downsized prototype machine are performed for the purpose of experimental verifications of self-excitation. In addition, the preliminary experimental test results are demonstrated with prototype machine. Consequently, it is confirmed that the proposed PM-free magnetic-modulated motor can automatically obtain the field magnetisation power by utilising differential frequency which is inevitably generated by magnetic-modulation technique.
Introduction
A sustainable transportation system can be achieved through the development of high-efficiency vehicles with significantly lower fuel consumption [1] . Recently, the new standards are effectively achievable with electrified powertrains utilising electric motors [2] [3] [4] . Electric motors have much higher efficiencies than internalcombustion engines and, thus, require less energy. An interior permanent-magnet (PM) synchronous motor is commonly employed in the most of currently available hybrid and electric vehicles (HEVs, EVs) on the market [5, 6] . With the use of highmagnetic flux density and high-coercivity rare-earth magnets, PM machines can provide high torque density, competing well against other PM-free motor, i.e. an induction machine, and a switched reluctance machine. In addition, differing from battery powered EVs such as Nissan LEAF, HEVs involve two energy sources, e.g. a gasoline and a battery, as well as two powertrain, e.g. an engine and a motor. It is a key challenge that how to effectively combine the engine driving force and the motor driving force with these optimal efficiency driving points.
The typical strong HEVs essentially adopt the same technology, i.e. the planetary-geared electronic-continuously variable transmission system, to combine the engine driving force and the motor driving force. However, this system suffers from the drawbacks of low power density per its unit weight, high transmission loss, abrasion resistant problem, and annoying audible noise. In the case of a compact car which is particularly limited powertrain mounting space, the lightweight and compact HEVsystem means everything. It is because that the ratio of powertrain light weighting contributes to mileage improvement and a drive performance enhancement is bigger than the other class vehicles. To solve such a problem, as shown in Figs. 1a and b, magneticmodulated dual-axis motor (magnetic-geared dual-axis motor) is proposed for novel HEV-systems [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . By purposely designing the flux-modulating ring of the magnetic gear to be rotatable, it can work as the planetary-gear for the power split HEV system, e.g. Toyota-Hybrid-System-II employed for TOYOTA Prius as shown in Fig. 1c . The engine output power flow can be split into two paths, one path is via the outer rotor (modulator) attached to the transmission (drive shaft) while another path is via the inner rotor (PM rotor) which is connected to the engine output shaft. The traction motor (MG2) and the planetary-gear of the conventional power split HEV system can be integrated into the magneticmodulated dual-axis motor to form a single machine unit which can realise lightweight and compact HEV system.
On the one side of such the advantages, however, the conventional PM-rotor type magnetic-modulated motor has a serious problem. Rare-earth sintered expensive PMs with a high residual magnetic flux density are selected for a field energy source used in this motor. On the other hand, since rare-earth sintered PMs have a high electric conductivity (not as strong as metals such as copper), eddy current will occur in the PMs, and the risk of demagnetisation will increase with the linkage of asynchronous rotating magnetic flux, which is automatically caused by magnetic-modulation principle using pole pieces as shown in Fig. 1d [25] [26] [27] . In addition, a high-pole number of PM rotors are available because of synchronisation with the harmonic rotating magnetic field, which is generated by permeance distribution of the modulator. Thus, the large amount of expensive PM is needed. Furthermore, the adjustable speed drive characteristics will be limited in narrow range due to the high induced voltage of PM rotor with the high-pole number.
To solve these problems, a novel PM-free magnetic-modulated dual-axis motor is proposed in this paper. The wound-field rotor (WF rotor) that replace the PMs with electromagnets are consist of self-excited technique applied diode rectifier circuit utilising magnetic flux variation in the differential frequency between the stator rotating magnetic field and the rotor rotation frequency (differential flux). Actually, the self-excited technique is not required that a slip-rings and carbon brushes have to be equipped to inject/withdraw currents into/from the rotating rotor windings. As described in the above, the unique point of the proposed motor can utilise the asynchronous harmonic content (differential flux) which is inevitably generated magnetic flux modulation principle in the asynchronous rotating mode of the armature fundamental frequency and the WF-rotor rotation frequency. In addition, the passive variable magnetic flux function of self-excitation utilising the differential flux has a potential to extend the adjustable speed drive area.
Theoretical analysis of the proposed motor is developed and analytically explained in the discussion that the differential flux can be mainly retrieved for the field magnetisation with the diode rectifier circuit on the rotor. Moreover, its operation performance is analytically investigated through the FE analysis (FEA). Moreover, the self-excitation is experimentally demonstrated through the rotor current measurement via a slip-ring with the downsized prototype. In addition, the torque performance is clarified compared with the benchmark PM-type magnetic-modulated motor.
Operation principle

Magnetic-modulation technique
The magnetic-modulated dual-axis motor is composed of a distributed winding stator and two coaxial rotors, i.e. the outer rotor (modulator) for flux modulation of the armature rotating magnetic field, and the inner rotor which synchronise with the harmonic rotating magnetic field generated by the modulator. Fig. 2 illustrates the magnetic flux waveforms which are modulated by the modulator. Here, the armature magnetomotive force F s (θ, ω s t) can be expressed as
where f ac is an amplitude of armature magnetomotive force, P s is a pole-pair number of stators, θ is a spatial position, ω s is an angular velocity of stator, δ is a current phase. Here, the armature magnetomotive force is approximately sinusoidal waveform. Then, the spatial permeance coefficient distribution of the modulator P(θ, ω m t) is given by (2) with approximated sinusoidal waveform, similarly
where λ dc is the constant part, and λ ac is the amplitude of the periodical variations. P m is a pole number of the modulators, γ is an offset angle and ω m is an angular velocity of the modulator. Here, the range of the variation is 0 < P(θ, ω m t) < 1.0. Thus, the magnetic flux in the air gap between the modulator and the rotor, i.e. the magnetic-modulated armature magnetic flux F g (θ, t) is obtained by the vector product between (1) and (2)
As expressed in the above expression, the magnetic flux in the air gap is composed of the three different rotating magnetic fields, i.e. the first term is the armature fundamental rotating magnetic field, the second and the third terms correspond to the harmonic rotating magnetic fields of the pole pairs (P m −P s ) and (P m +P s ). Then, the rotor angular velocity ω pm must be satisfied the following relations to synchronise in the modulated harmonic rotating magnetic field
where P pm is a pole-pair number of PM rotors. The magnetic permeability of the air-gap reluctance generally decreases with respect to frequency increase so that it is common to apply the following pair:
Thus, as expressed in (6), rotation speed of the modulator can be variably changed with respect to PM-rotor speed in addition to stator excitation frequency 
The above expression means that collinearity relation of Fig. 1c is established. In addition, without considering the power losses occurred in the proposed motor, it yields
where T s is the stator reaction torque, T m is the modulator torque, T pm is the PM-rotor torque. Since dual-axis drive is possible by applying power split HEV in the automotive applications, collinear chart relation is composed of outer rotor (modulator) attached to the final driveline (drive shaft) and inner rotor connected to the engine shaft for an HEV system with torque reinforcement effect with the magnetic gear.
On the other hand, the first term of (3) indicates that the magnetic flux variation in a differential frequency between the armature rotating magnetic field and the rotor rotation frequency (differential flux) links into the rotor. Therefore, in the case of conventional PM-rotor type, the eddy current in the PMs will extremely occur due to the large variation of the synchronous magnetic flux, e.g. differential flux. It consequently occurs in operation principle of the magnetic-modulated motor using pole pieces (modulator), which generates the magnetic flux permeance distribution in air gaps. As a result, the operation point of the magnetic flux density in the magnet of typical PM-rotor type extremely changes by an opposing magnetic field with respect to magnet permeance changes as shown in Fig. 1d . In this figure, the red solid line shows the demagnetisation curve at 170°C of Nd-Fe-B (B r = 1.22 T, H cb = 965.7 kA/m at 20°C/B r = 1.05 T, H cb = 602 kA/m at 170°C) and black dot shows the operating point of magnetic flux density in the magnet under the opposing magnetic field of the operating condition in Fig. 1c . Because the permeance in the magnet has greatly changed by the differential frequency, it is demanded that a high coercivity magnet is used for the magneticmodulated motor. Fig. 3 shows the magnetic flux density distribution, flux lines and its harmonic contents of the distributed winding stator and solid inner rotor with or without the modulator (outer rotor) in a 4-pole-pair stator and a 12-pole modulator. As can be seen in this figure, it can be confirmed that the magnetic fluxes of the armature winding in the fundamental frequency (fourth in mechanical angle) are modulated to the eight and the sixteen rotating magnetic flux in mechanical angle by the modulator as indicated in (3).
Self-excitation technique
To solve the drawback of the conventional PM-type magneticmodulated motor, a novel self-excited WF magnetic-modulated motor is proposed in this paper as shown in Fig. 4a . The WF rotor that replaces the PMs with electromagnet coil are consist of selfexcitation technique applied diode rectifier circuit utilising the differential frequency between the armature magnetic flux rotating field and the rotor rotation speed for field magnetisation power. As expressed in (3), the differential flux can generate induced voltage in rotor coils by Faraday's law. Fig. 4b illustrates the rotor winding with opened where I and F indicate two types of windings, i.e. an induction coil (I-coil) that retrieves mainly the differential flux and a field coil (F-coil) for the field magnetisation. When the proposed PM-free magnetic-modulated motor is operated under the drive condition in Fig. 1c , the induced voltage waveforms of I-coil occurs as shown in Fig. 4c . The induced voltage is mainly caused by the linkage of the differential flux, i.e. the fourth rotating magnetic field in Fig. 3d . Moreover, Fig. 4c indicates only the induced voltage from the I-1 to the I-4 to become the symmetry at the mechanical angle 90° in a period with the pole combinations of P s = 4, P m = 12, P pm = 8. For example, I-1, I-5, I-9, and I-13 become the same waveform pattern. On the other hand, the differential flux also links to the rotor coil in orthogonal direction and it is necessary to consider that the induced voltage occurs in all coils wound on salient poles, including the F-coils. As shown in Fig. 4d , every coil is connected in series in a group with the same voltage phase pair for utilising induced voltage in the I-coil, effectively. As shown in Fig. 5a , the I-coil pair of the reverse phase is connected in forward direction and reverse direction to a common cathode to be coil pair which can cancel the induced voltage in F-coil pair. The magnetic decoupling between I-coil and F-coil can improve the output torque per rotor current ratio and torque ripple reduction. The rotor winding rectifier circuit consists of four series connected coils to reduce rotor copper loss and four segmented diode rectifier circuits. To accomplish this, it is extremely important to select the F-coil pair which the induced voltage can be cancelled. Thus, the F-coil is exclusively used for the field magnetisation pole, i.e. electromagnet pole. The proposed motor is able to utilise inherent dissipated power energy from the differential flux (fourth rotating magnetic field) by applying an electromagnetic induction principle of induction machine and a diode rectifier technique of self-excitation [28] .
Next, the rotor magentomotive force design is explained by regulating coil-turn balance of I-coil and F-coil. Fig. 5b shows the rotor winding space factor in the case of I-coil turn number is 10 and F-coil turn number is 11 as an example. As a result of insulation designs such as insulator bobbin and motor size of prototype machine for operation principle inspection, rotor winding of 21 coil-turns in the sum of I-coil and F-coil per one pole can be wound on inner rotor. Fig. 5c shows the magnetomotive force on each rotor coil with respect to the number of I-coil turns which is simulated in the drive condition in Fig. 1c . As can be seen in Fig. 5c , it can guess that the most suitable ratio for the distribution of I-coil and F-coil exists. Then, the frequency-dependent characteristics of the magnetomotive force balance between the Icoil and F-coil are inspected by FEA. Fig. 5d shows the modulator torque with respect to the number of I-coil and differential frequency of differential flux. As shown in this figure, it can be confirmed that the maximum torque point has the frequency dependence of magnetomotive force balance between the I-coil and F-coil. Moreover, it can be confirmed that the rotor induced current characteristics changes by the number of the turn ratios between the I-coil, F-coil, and the differential frequency. As for the prototype design, the number of rotor coils is selected as I-coil is 10 turn, F-coil is 11 turn from the limitation of the rotor current density. Fig. 6a shows the WF-rotor structure and the diode module which is mounted on the rotor coil end cover. Fig. 6b shows the WF rotor where the I-coils and the F-coils are installed to the rotor salient poles. The rotor coils wound via an insulator bobbin, and mechanically reinforced with a resin-mould process to prevent destruction by the centrifugal force under a high speed rotation, and to ensure electric insulation. Figs. 6c and d show the actual WF rotor assembly and benchmark PM-rotor type inner rotor, respectively. Fig. 7a shows the modulator structure with the Poly Phenylene Sulfide resin bar contained in the cavity area between pole piece and this resin bar plays a role in transmitting the torque. Furthermore, each material is adjusted the concentricity by spigot joint portion structure. Figs. 7b and c show the actual modulator assembly, and stator assembly, respectively. The both rotors (the modulator and the WF rotor) can be independently driven, and the positional information of the modulator and the WF rotor can be acquired by using two resolvers as shown in Fig. 7d . And, these rotors are controlled by exciting the angular velocity of the armature current which is calculated by using (6) . Specifications of the downsized prototype are listed in Table 1 .
Downsized prototype machine
Preliminary experimental test
Self-excited rotor current
In the preliminary experimental test, the principle of self-excitation technique utilising differential flux which is inevitably generated by the flux modulation technique as described in Section 2. As shown in Fig. 8 , the rotor current in the diode forward and reverse directions for one rectifier circuit is measured via a slip-ring to demonstrate the self-excitation by the differential frequency between the armature fundamental rotating magnetic field frequency and the WF-rotor rotation frequency. Fig. 9a shows the armature current (U-phase) and rotor current waveforms (induced current in forward and reverse directions) under 360 A rms T for WF-rotor speed 650 r/min, and its experimental condition is shown in Fig. 9b .
Here, in the preliminary experimental test of rotor current measurement, the output shaft of modulator is mechanically locked. The inverter carrier frequency is set at 10 kHz, and used universal inverter. In this experimental test, the load test of the motor is limited in the low-speed range (under 1000 r/min) and low-armature magnetomotive force (under 450 A rms T) due to the capitals maximum speed range and mechanical stress of slip-ring. By referring to rotor current waveforms in Fig. 9a , the induced current flows forward and reverse at time intervals. In addition, one period of the induced current accords to the differential frequency. Thus, it can be easily confirmed that the magnetic flux at the differential frequency links to rotor windings and the electromagnet poles can be organised by the field current generated with fullbridge rectifier as shown in Fig. 8d. Fig. 9c shows the induced currents in the forward direction with modulator output shaft locked under 200 A rms T for WF rotor 500 and 700 r/min. As can be seen in this figure, it is validated that the induced current increases with respect to WF rotor rotation speed increases in spite of the same armature magnetomotive force, and it is generated by differential frequency. Thus, it was investigated that the induced voltage to the rotor windings by Faraday's law. As a result, induced current increases, and electromagnet torque increases. i an engine assisting mode; ii an EV mode; and iii a regenerating mode.
The first test is the engine assisting mode, which superimposes the motor output power onto the engine output power, and delivers the synthesised mechanical power to the drive shaft. The second test is conducted under the condition of zero power from the engine, which is called an EV mode. In the mode, the rotating speed of the inner rotor is fixed at 0 r/min. The last driving mode is the regenerating mode, where some surplus mechanical power from the engine is regenerated to the inverter through the stator while delivering the mechanical power of the engine to the drive shaft.
The following two points are experimentally checked in each driving mode:
i relationship between the torque and the gear ratio; ii the torque and current phase angle characteristic;
The first focuses on the relationship expressed by (7). As described previously, the two shafts of the proposed motor are connected to the two load machines through the torque meters; it is possible to measure the rotating speed and the torque of the modulator and the inner rotor. The current phase angle β is changed by 15° to check the second point.
The experimental tests were conducted under the inverter conditions of 80 V DC-bus voltage, 10 kHz switching frequency, 4 μs dead time. The measurement of the torque was performed every 0.5 s to calculate an average value for 15 s of the measured torque. In addition, the drive performances of proposed PM-free dual-axis motor were compared with the PM-type benchmark dual-axis motor, which is shown in Fig. 6d .
Figs. 11a and b show the relationship between the torque and the q-axis current with keeping i d = 0. i q is varied every 20 A over the range from 10 to 90 A.
In the case of PM-type benchmark, it is confirmed from the figure that the torque of the modulator T m and the torque of the inner rotor T pm are delivered in proportional to i q regardless of the driving modes. However, in the case of WF-type proposed motor, T m and T pm are not delivered in proportional to i q under all driving modes, but these are approximated by a quadratic function. Furthermore, the torque varies according to the driving mode. This is because, in the case of WF-type proposed motor, as described previously, the field magnetisation power depends on the differential flux amplitude and differential frequency. The differential frequency under the three driving modes of Fig. 10 is 60 Hz (engine assist mode), 100 Hz (EV mode), and 160 Hz (regeneration mode), respectively. In the case of proposed PM-free dual-axis motor, this result means that it is necessary to be driven by the collinearity relations not only with operating the high engine efficiency area but also with keeping the high differential frequency.
On the other hand, as the theoretical equation from (7) indicates, the relationship between T m and T pm is
The measured T m and T pm almost agree with the theoretical values well as the magnetic-gear function. Next, the torque and the current phase angle characteristics are shown in Figs. 11c and d , respectively, which are measured under the condition of the engine assisting mode. The reference phase angle β = 0° is defined at the q-axis position, and the current phase angle β is varied every 15° from 0° to 360°. The current vector norm is also kept constant at 90 A in the test. Since the PM-type benchmark has near the surface PM structure of the rotor, the similar characteristic to the surface PM synchronous motor is obtained. In the case of WF type proposed PM-free motor, the max torque per ampere point exists in the flux intensifying area. This is because that the reluctance torque can obtain by the saliency (L d > Lq) and the self-excitation technique utilising differential flux generates the electromagnet torque.
Conclusion
This paper presented a newly PM-free magnetic-modulated dualaxis motor where the differential frequency between the armature fundamental rotating magnetic field frequency and the WF-rotor rotation frequency is utilised for the field magnetisation instead of PMs. The operating principle has analytically discussed. In addition, the prototype design for operating principle evaluation has been revealed. Furthermore, preliminary experimental test for the verification of self-excitation technique was demonstrated through the rotor current measurement via a slip-ring, and basic torque characteristics. The future work of this study is to demonstrate dual-axis drive, e.g. efficiency maps, range of speed, and torque characteristics of the actual prototype machine in each HEV simulated driving modes through experimental tests. To accomplish this, it is necessary to complete the voltage equation of the magnetic-modulated motor. In addition, the study of optimal dual-axis driving mode with keeping high differential frequency for the torque density increase is important. Furthermore, it is also important to develop the mathematical model to estimate the induced current and the field current of the rotor windings for torque improvement and rotor winding temperature prediction.
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